Abstract. The study examined the sensitivity of DPI in vitro performance to formulation and device changes. Rotahaler/Rotacaps was selected as the reference DPI drug product, and Aerolizer was selected as the test device. Since the test device was recognized to have much greater efficiency of dispersion, simple modifications to both formulation and device were made in an effort to provide a closer match to the in vitro performance of the reference product. The modifications included varying the drug and lactose particle sizes and/or lactose fine particle content in the test formulations, as well as lowering the specific resistance of the test device. These modifications were intended to address variables important for drug product performance for a defined experimental design and were not intended to mimic the extensive formulation and device design strategies that are employed in an industrial setting. Formulation and device modifications resulted in a modified test product that approached the reference product in the in vitro performance.
INTRODUCTION
Dry powder inhalers (DPIs) for delivery of locally acting drugs to the lungs are increasingly important in the US marketplace. Factors accounting for this increase include environmental concerns with CFCs (1,2) and recognition of patient convenience compared to metered dose inhalers. All DPIs currently marketed in the USA utilize breath-actuated ("passive") devices. In coming years, patents will expire on innovator DPIs, and interest will increase in the development of generic versions of these orally inhaled drug products.
The current thinking for establishing bioequivalence (BE) of DPIs in the USA is based on the aggregate weight of evidence approach. This approach includes device and formulation comparability, in vitro equivalence in a number of tests, and in vivo equivalence in systemic exposure and local delivery (3) . In vitro tests used to support BE of DPIs include emitted dose (ED) and aerodynamic particle size distribution (APSD). The in vitro performance of DPIs depends significantly on the formulation and device properties. The physicochemical properties of drug substance and drug carrier (lactose), such as particle size, shape, density, surface area, roughness, and morphology (4) (5) (6) (7) (8) (9) , have been shown to affect particle interactions, stability, ease of dispersion, and deaggregation. The internal geometry of a DPI device (e.g., the dimensions and shape of the air channels) is known to play an important role in determining the device resistance. Thus, it influences the air flow rate through an inhaler device, as well as the level and nature of forces for the powder fluidization and deaggregation of drug particles from carriers (3). For the above reasons, to attain a close match between two DPIs with respect to ED and APSD, it is critical to have an adequate understanding of how these formulation and device variables interact and affect the in vitro performance of DPIs.
As a step toward a better understanding of the type and magnitude of changes that can be made to provide a better in vitro match between test and reference DPIs, this study examined the sensitivity of DPI in vitro performance to several formulation and device changes. The study selected a commercially available DPI device (Rotahaler) paired with a commercial capsule containing an albuterol sulfate formulation (Rotacaps) as a model "reference" product. It also selected another commercially available DPI device (Aerolizer) as a model "test" device. This model test DPI device was considered This article represents the personal opinions of the authors and does not necessarily represent the views or policies of the US Food and Drug Administration.
as an experimental platform, which could be modified to produce in vitro characteristics comparable to the reference product. Both test and reference DPI devices are unit dose, capsule-based devices. Based on USP/PF limits (10) , both Rotahaler and Aerolizer are low resistance DPIs. However, the specific resistance of the Aerolizer device is greater than that of the Rotahaler device (11, 12) . The authors recognize that the knowledge, skills, and expertise available in the industry and effort expended for formulation and device optimization extend far beyond the modest efforts expended for the present studies. The data should, therefore, be interpreted in the context of the limited scope of the project and the intention to examine the ease with which using a very simple strategy similar performance from two devices can be approached.
Part I of the study focused on evaluating the effects of formulation variables on the in vitro performance of Aerolizer. Several "test" formulations were prepared to investigate the dependence of the in vitro performance of Aerolizer on key formulation variables, focusing on particle sizes of the drug (albuterol sulfate) and carrier (lactose) as well as lactose fine particle content. The results of this investigation would provide useful information on the extent to which these formulation variables could be modified to provide a closer match of ED and APSD between test and reference DPIs.
Part II of the study examined the effect of device modifications on the device resistance and subsequently the in vitro performance of modified Aerolizer devices with the formulations selected based on the Part I study results. Two modifications were made to the Aerolizer device to lower its specific resistance, in order to provide a better match to that of Rotahaler. The results of this examination would serve as an example to illustrate the importance of the device component in attaining in vitro comparability of test and reference DPIs.
MATERIALS AND METHODS

Rotahaler and Rotacaps
Rotahaler (GSK) was obtained from Australia (Homepharmacy.com.au). Obtaining Ventolin Rotacaps was not feasible. Asthalin Rotacaps (Cipla, Mumbai, India) were obtained. The package insert for Asthalin Rotacaps states that each capsule contains albuterol sulfate equivalent to 200 μg albuterol blended with 25 mg lactose, i.e., equivalent to 0.80 % albuterol base.
Albuterol
Albuterol sulfate (Spectrum, Gardena, CA) was micronized using an air jet mill (Model Trost Gem-T, Glen Mills, Clifton, NJ) with nitrogen inlet pressure greater than 80 psig to yield a distribution of particles having a measured D 50 of 3.2 μm. The 3.2 μm batch was further milled to produce a batch with D 50 of 1.9 μm. 
Lactose
Preparation of Test Formulation Blends
Four test formulations (Formulations A to D) listed in Table I were prepared as follows. Albuterol sulfate-lactose blends were prepared containing albuterol sulfate with a target weight of 241 μg equivalent to 0.8 % w/w albuterol base (target 200 μg). Each blend consisted of albuterol sulfate (3.2 or 1.9 μm), and Respitose ML003, Lactohale LH 200, or Lactohale LH 200 +8.0 % Lactohale LH 300. The two grades of lactose (Lactohale LH 200 and Lactohale LH 300) were pre-blended for 30 min using a Turbula mixer (Glen Mills, Clifton, NJ), prior to blending with the drug. Drug/lactose pre-blends were prepared in 20-mL vials, and then in 120-mL bottles using a spatula by geometric dilution. The final two additions of lactose were blended for 5 min (first mixing) and 30 min (second mixing), with an approximate head space of 72 mL using a mixer setting of 22 RPM. These multiple blending steps were used to maximize the blend uniformity. Test formulation capsules were prepared by filling no. 3 Quali-V HPMC capsules (Qualicaps, Whitsett, NC) with 25 mg of powder.
Solid-State Characterization of Albuterol Sulfate, Lactose, Asthalin Rotacaps™, and Test Formulations Laser diffraction was conducted using a Sympatec HELOS instrument (Clausthal-Zellerfeld, Germany) with a RODOS dry powder dispersion unit and a VIBRI vibrating feeder to disperse the powders into the laser beam. D 10 , D 50 (volume median diameter), D 90 , and fine particle content (percentage below 10 μm) for each powder were determined. The VIBRI feed rate was 40 %. Powders were dispersed using approximate RODOS pressures of 1 bar and 20 mbar (primary and secondary, respectively). A range of lens attachments (R1-R5) were used for capturing the particle size distribution (PSD) of commercial reference product, lactose, micronized albuterol sulfate, and albuterol sulfate-lactose blends. Experiments were conducted in triplicate.
Scanning electron microscopy was conducted (Research Triangle Institute, Research Triangle Park, NC) using a Hitachi field emission instrument (Pleasanton, CA). A sample of formulation was distributed onto a conductive carbon substrate adhered to a stub, and the sample was then coated with a thin layer of evaporated carbon to enhance conductivity.
Analytical Method
The analytical method for assay of albuterol for content uniformity and cascade impactor tests was liquid chromatography with mass-selective detection (14) . The method was precise, accurate, and linear over the range of 2 (LLOQ) to 200 ng/mL. Albuterol-d3 (C/D/N Isotopes, Pointe-Claire, Quebec) was used as an internal standard. Samples were recovered and diluted with 0.1 % formic acid. Samples were analyzed, using a Shimadzu system consisting of a SIL-20 AC autosampler, CTO-20A column oven, LC-20 AD pump, DGU-20A3 degasser, 10A VP system controller, and thermo surveyor MSQ. The column was an Agilent Zorbax Eclipse XDB-C18, 2.1×30 mm, 1.8 μm analytical column. Mobile phase was 0.1 % formic acid (93 %) and methanol (7 %) . Column temperature and mobile phase flow rate were 60°C and 0.5 mL/min, respectively. Sample run time was 1 min. Mass spectrometry settings include the following: AP-ESI source, SIM mode, positive polarity, channel 1 mass to charge ratio of 240.3m/z, channel 2 mass to charge ratio of 243.0m/z, probe temperate of 350°C, needle potential of 3,000 V, cone potential of 50 V, dwell time of 0.15 s, time span of 0.1 min, and time range of 0.1-1.0 min.
Cascade Impactor Measurements
Single actuation cascade impaction studies were conducted with the Andersen eight-stage Nonviable Cascade Impactor (ACI; Thermo Scientific, Waltham, MA), or the Westech eightstage ACI (Westech Instruments, Marietta, GA). The cascade impactors were fitted with a mouthpiece adaptor, USP Induction Port, and were configured for 28.3, 60, and 90 LPM flow rates. A preseparator was used for the 28.3 and 60 LMP configuration. A preseparator was not used for the 90 LPM configuration because the 90 LPM preseparator available at the time the studies were initiated was not validated for a 10-μm effective cutoff diameter (ECD). An airflow volume of 2.0 L was used for all studies. Plates were coated with silicon oil. Experiments were conducted in triplicate.
Mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) were calculated based upon the inverse normal of the cumulative % under the stated aerodynamic diameter versus the log of the ECD (15) . Linear regression of the three data points closest to 50 % of the cumulative particle mass that entered the cascade impactor was performed to compute the MMAD and GSD (16) .
Airflow Resistance
Resistances were determined using the USP <601> Sampling Apparatus B for delivered dose uniformity of DPIs (17) . The inhaler devices containing an unpunctured capsule were attached to the apparatus in line with a Copley TPK flow controller. Uniform flow rates were established and the pressure was measured distal to the device using the P1 function of the flow controller. The pressure gradient was measured at flow rates ranging from 20 to 100 LPM. Specific resistances were determined from the slopes of the square root of the pressure drop versus flow rate plots.
RESULTS
Part I
Solid-State Characterization of Asthalin Rotacaps and Test Formulations
Among all DPI formulation design variables, the current study focused on the drug and lactose particle sizes as well as lactose fine particle content (<10 μm). These formulation properties have been shown to have significant effect on the in vitro performance of DPIs (8, 9) . For the reference formulation, scanning electron micrographs showed a rough surface of the particles in the formulation, indicative of milled rather than spray-dried lactose (data not shown) (18) . Laser diffraction revealed particles ranging in size from less than 10 to approximately 100 μm, D 50 of 39.9 μm, and 21 % lactose fine particle content (Table I) . Because the concentration of drug in the formulation is under 1 %, the observed sizes reflect predominantly lactose particles. The mean drug concentration was within 3 % of the target concentration of 0.80 %, as determined by albuterol assay.
Test Formulations A and C were prepared with albuterol sulfate of 1.9 or 3.2 μm particle size, respectively (Table I) . Respitose ML003 (D 50 =35.7 μm) was used for these two test formulations to match the approximate D 50 of lactose (39.9 μm) in the reference formulation. The lactose fine particle content of Formulations A (23 %) and C (22 %) was comparable to that of the reference formulation (21 %). Formulation B was prepared with the coarser Lactohale LH 200, resulting in a D 50 of 73.2 μm, nearly twice that of the reference formulation and a considerably lower lactose fine particle content (12 %). Another formulation, Formulation D (3.2 μm albuterol sulfate) was prepared by addition of Lactohale LH 300 to Lactohale LH 200 to achieve a similar lactose fine particle content (24 %) as the reference formulation, Formulations A and C. The addition of Lactohale LH 300 to Lactohale LH 200 also resulted in the D 50 of Formulation D (58.7 μm), which was smaller than the D 50 of Formulation B but higher than the D 50 of the reference product, Formulations A and C.
Mean albuterol concentrations of Test Formulations A, B, and C were within 3.4 % of the 0.8 % w/w target concentration (albuterol base). Mean albuterol concentration of Formulation D was 8.9 % lower than the target concentration. The RSD of the albuterol content of each of the test formulations was about one fourth that of the reference formulation (Table I) .
Cascade Impaction Testing of Rotahaler with Asthalin Rotacaps
The cascade impaction testing of Rotahaler/Rotacaps was conducted at 28.3, 60, and 90 LPM (Table II) . Relative to the 28.3 LPM flow rate, the emitted dose increased about 10 % and appeared to reach a plateau, signifying flow rate independence at the two higher flow rates. Such an ED dependence of Ventolin Rotahaler with Ventolin Rotacaps on flow rate has been previously observed (19, 20) . Relative to ED, a disproportionately greater increase in FPM and FPF was observed with flow rate increase, which may be explained by more efficient deaggregation and dispersion of drug from carrier (13) . Screening Characterization (60 LPM). At 60 LPM, the ED for Aerolizer/Rotacaps (174 μg) was much higher than that from Rotahaler/Rotacaps (125 μg). The fine particle mass (FPM) for (26.2 μg) . However, the fine particle fraction (FPF) of Rotahaler/Rotacaps, expressed as a percentage (%) of the ED, is close to that of the Aerolizer/Rotacaps due to the much lower ED from the Rotahaler/Rotacaps. Consistent with the greater FPM of Aerolizer/Rotacaps, the MMAD of this test product (2.94 μm) is lower than that of Rotahaler/Rotacaps (3.72 μm).
Cascade Impaction Testing of Aerolizer with Asthalin Rotacaps and Test Formulations
The
Formulation D, which contained a mean albuterol sulfate concentration 8.9 % lower than the target concentration, was developed later in screening based on Aerolizer/Formulation C results in attempt to provide a better match to the in vitro performance of Rotahaler/Rotacaps. In comparison to Formulations A-C, the lower albuterol concentration in Formulation D might contribute to lowering the ED (138 μg) and FPM (42.2 μg) of Aerolizer/Formulation D and thus provided a closer match to the reference product. However, the MMAD of Aerolizer/Formulation D (4.11 μm) was larger than that of Aerolizer/Formulation C.
As a result, of the four Aerolizer/Test Formulation combinations (Table II) , Formulation D most closely approached the reference product in ED, FPM, FPF, and throat + preseparator deposition. Formulation C was closer in MMAD. Therefore, Aerolizer/Formulations C and D were selected for full characterization.
Full Characterization (28.3, 60, and 90 LPM). The ED for Aerolizer/Formulations C and D increased with increasing flow rate, consistent with published data for Foradil Aerolizer (21) . Flow dependence of the ED for these two test products was much greater than that of Rotahaler/Rotacaps. The ED for Rotahaler/Rotacaps, Aerolizer/Formulation C, and Formulation D increased 10 %, 47 %, and 77 %, respectively, over the 28.3-90 LPM range. The FPM and FPF for Aerolizer/Formulations C and D also increased with increasing flow rate, although both trended towards a plateau between 60 and 90 LPM. However, the FPM and FPF values at 90 LPM could be biased due to the lack of a preseparator at 90 LPM.
Part II
Aerolizer Modifications
Following Part I of the study, two changes were made to the Aerolizer device to obtain specific resistances of test devices closer to the reference device. One modification was Modified Aerolizer A. Two coaxial airflow openings were introduced surrounding the mouthpiece (Fig. 1a) . The Aerolizer was fitted with a cut syringe barrel surrounding the mouthpiece, which was used as a sleeve to insert two tubes. The ends of the tubes were aligned with the end of the mouthpiece. The syringe barrel and two tubes were sealed to the Aerolizer with Flexbar ReproRubber. The two coaxial airflow openings increased the functional cross-sectional area of the mouthpiece, reduced airflow resistance of the inhaler, and decreased the air flow through the device.
Modified Aerolizer B. Two concurrent modifications were made in attempt to lower specific resistance (Fig. 1b) . The device was operated with the backside cover removed, whereas the cover is in place in standard operation. Additionally, three 3/32″ holes were drilled into the back of the capsule chamber. These modifications were also made in an attempt to potentially alter the flow characteristics that govern capsule spinning aerodynamics, and therefore could alter the emitted dose and fine particle fraction. This was consistent with the observation that when holes drilled in the unit were too large, the device failed to function, i.e., the capsule would not spin at one or more airflow rates. For this reason, this type of modification was limited in terms of specific resistance matching between test and reference devices.
Airflow Resistances of Rotahaler and Modified Aerolizer Devices
Observed specific resistance values for Rotahaler and Aerolizer (Fig. 2 ) are in agreement with previously observed values (11) . The addition to the test product of two coaxial airflow openings surrounding the mouthpiece (Modified Aerolizer A) reduced specific resistance equal to that of the reference product. The modifications made to the Aerolizer (Table II) .
Modified Aerolizer A/Formulation C showed lower ED than Aerolizer/Formulation C. Similarly, Modified Aerolizer A/Formulation D showed lower ED than Aerolizer/Formulation D. Modified Aerolizer A/Formulation C relative to Aerolizer/Formulation C also exhibited decreased ISM and FPM, but only a slight increase in MMAD. A similar result was observed for Modified Aerolizer A/Formulation D Modified Aerolizer B/Formulation C exhibited comparable aerodynamic performance in all measures reported in Table II to Aerolizer/Formulation C at 60 LPM. Thus, this observation indicated that for Formulation C, the means by which device resistance was lowered in Modified Aerolizer B did not result in significantly different in vitro performance relative to Aerolizer at 60 LPM.
DISCUSSION Asthalin Rotacaps with Rotahaler and Aerolizer
Based on cascade impaction testing (Table II) , Aerolizer/ Rotacaps showed a considerable increase in ED, ED%, FPM, and ISM, and a large decrease in MMAD, in comparison to Rotahaler/Rotacaps. The APSD result suggested that Aerolizer was more efficient than Rotahaler with respect to fluidization and deaggregation of the reference DPI formulation. This difference in the in vitro performance of Aerolizer and Rotahaler could be due to differences in the specific resistance and mode of aerosolization of these two DPIs.
Aerolizer with Test Formulations
The scanning electron micrographs suggested that milled lactose was used in the reference formulation. Thus, two sources of milled lactose were selected. They were used alone or in combination with two different size batches of albuterol sulfate to prepare Formulations A, B, C, and D, in order to provide different combinations of the albuterol sulfate particle size, lactose particle size, and fine particle content. In vitro characterization of Aerolizer with these test formulations provided information on the extent to which changes in these formulation variables affected the in vitro performance of Aerolizer and its comparability to the reference product.
Formulation B was designed to have the lower abundance of lactose fine particles (Table I ) and thus to provide a test formulation of lower dispersion. Based on "active sites," "agglomerates," or alternative hypotheses (22) (23) (24) , Aerolizer/ Formulation B would be expected to have a lower FPM than Aerolizer/Formulation A and provide a closer FPM match to the reference product. However, during the formulation screening, a greater FPM of Aerolizer/Formulation B was observed at 60 LPM relative to Aerolizer/Formulation A. Since the same batch of drug with D 50 of 1.9 μm was used to prepare both Formulations A and B, this result suggested some other physicochemical aspects of lactose other than the fine lactose content that might influence drug-lactose interactions could play a more dominant role in determining FPM.
Further characterization of Respitose ML003 and Lactohale LH 200 would be needed, in order to identify and understand the key differences (e.g., surface roughness and amorphous content) between these two sources of lactose that resulted in the greater FPM of Aerolizer/Formulation B. Based on the cascade impaction results at 60 LPM, the larger drug particles in Formulations C and D (D 50 of 3.2 μm) constituted one of the contributing factors to a smaller FPM and a greater MMAD of Aerolizer/Formulations C and D, and hence helped produce a closer match of Aerolizer/Formations C and D to the reference product than Aerolizer/Formulations A and B. As mentioned previously, the lower albuterol concentration in Formulation D appeared to further improve the in vitro matching of Aerolizer/Formulation D to the reference product with respect to ED and FPM. However, the MMAD of Aerolizer/Formulation D was higher than that of Aerolizer/ Formulation C and the reference product. Since both Formulations C and D contained drug particles with the same D 50 and the similar level of fine lactose contents (Table I) , the difference in MMAD between Aerolizer/Formulation C and Aerolizer/ Formulation D were likely attributed to differences in physicochemical properties of lactose. This result again highlighted the importance of physicochemical properties of drug carriers other than the particle size distribution in determining the in vitro performance of DPIs.
Although greater flow dependence was observed in ED for Aerolizer/Formulations C and D than for the reference product, viewed broadly, flow dependence in ISM, FPM, FPF, and MMAD were generally similar (Table II) . Each of these measures required further lowering to more closely match the reference product. Thus, attempts were further made to reduce efficiency of these two investigational products through device modifications.
Device Modifications
The specific resistance of the Aerolizer was over 40 % greater than that of the Rotahaler (0.017 vs 0.012 kPa 1/2 min/L). The higher resistance device requires a greater inspiratory effort (pressure drop) for a given flow rate, and is generally associated with greater turbulence, shear, and/or impaction, resulting in more efficient dispersion (20, 25) . Therefore, reducing the specific resistance of the Aerolizer device would be expected to reduce the dispersion of the investigational formulations. As indicated in the Part II, Results section, two types of device modifications were introduced to lower the specific resistance to more closely match that of the reference product. Using the unmodified devices, Aerolizer/Formulation D was closest in performance to the reference drug at 60 LPM. Of the formulations tested in the two modified devices, Formulation D in Modified Aerolizer A trended closer to the in vitro performance of the reference product at 60 LPM (Table II) for most of measures such as ED (%), ISM, FPM, and FPF. However, MMAD remained higher than the reference product and was unchanged from the unmodified Aerolizer/Formulation D (Table II) .
Formulation A was initially prepared in an effort to match the Rotacaps formulation, assuming a drug particle size near 1.9 μm. (Fig. 3) suggested the trend towards aerodynamic particle size comparability at 60 LPM.
Impact of Formulation Versus Device
The two device modifications were expected to influence in vitro performance as a result of the changes in airflow pathways and device resistance. Examination of the performance of Formulation C in the Aerolizer, Modified Aerolizer A, and Modified Aerolizer B at 60 LPM (Figs. 4 and 5 ) revealed small to moderate mean differences between products. For all measures, mean differences were less than 17 %. For the Modified Aerolizer devices prepared ad hoc, product variability tended to be greater than for the Aerolizer product (Table II) . Results show that for Formulation C, despite a significant difference in device-specific resistance, the three devices tested had modest effect on performance at 60 LPM.
Figures 4 and 6 indicate the dependence of product performance on formulation when the four formulations were tested in the same device. As expected, in vitro product performance is affected appreciably by formulation.
When Formulation D was tested in the unmodified Aerolizer or Modified Aerolizer A at 60 LPM (Figs. 4 and  7) , differences between products were greater than differences for Formulation C tested with these two devices. Mean differences ranged from about 14-26 % were observed for ED, ED%, ISM, and FPM, even though data for the Modified Aerolizer A/Formulation D were much more variable than for Aerolizer/Formulation D. Thus, device modification had a greater impact on performance with Formulation D than with Formulation C. Furthermore, Rotahaler versus Aerolizer device differences tested with Rotacaps at 60 LPM revealed even greater differences in mean ACI measures, ranging from 18 to 63 % (Table II) . The above results suggested device characteristics also can have an effect on DPI performance, but the magnitude seems to be formulation-dependent.
The above observations indicate that in addition to device resistance, further characterization of fluid mechanics or flow characteristics of these devices and their interactions with formulation properties are needed (26) (27) (28) (29) . Such information would be helpful in designing modifications of both device and formulation in order to achieve in vitro comparability of test and reference DPIs.
CONCLUSIONS
A test product recognized to have much greater efficiency of dispersion was modified in an effort to bring its in vitro performance closer to that of a relatively inefficient reference product. This was not intended to be a strategy for product development but represented a simple approach to the objective of product matching for research purposes. Changes were made that produced a product that trended towards the reference product in a number of measures. The current study suggests that a simple approach to the development of a test DPI product that meets in vitro equivalence criteria will be challenging, and that the drug and excipient particle sizes, lactose fine particle content and device-specific resistance are important design variables, but may not be sufficient to attain in vitro equivalence. Additional studies will be needed to identify and evaluate other product design variables that may be critical to achieving a better in vitro match between test and reference DPI products. Undoubtedly, a comprehensive approach to device design and formulation development in the context of specific products would have greater potential to achieve the objective of achieving performance equivalence. This would require significant investment of time and resources which may explain the absence of such products from the marketplace at this time.
